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ABSTRACT
This paper presents an experimental and numerical study to evaluate the thermal-hydraulic performance of light
commercial capacity evaporators operating under frosting conditions. A tube-fin heat exchanger was tested on a
closed-loop wind-tunnel considering the fan performance. A visual analysis of the frost formation processes was
carried out to compare the frost layer morphology in different conditions. A mathematical model was developed
and the numerical results were compared with the experimental accumulated mass of frost, air flow rate and cooling
capacity, with all the predictions falling within the experimental band of uncertainties. Based on this comparison, a
frost density correlation was proposed for a typical range of light commercial refrigeration applications. The results
show evaporator cooling capacity reductions up to 40% due to frost formation process. Moreover, the effects of air
flow reduction and low conductivity frost layer on the overall thermal resistance were analyzed, when it was found
that the former is the main cause of the cooling capacity reduction under frosting conditions.

1. INTRODUCTION
Frost formation is an important phenomenon in refrigerators design, as it plays a key role in the system cooling
capacity. As showed by earlier experimental studies, Tassou et al. (2001) and more recently Da Silva et al. (2010),
when frost accumulates on forced air evaporators, its thermo-hydraulic performance decreases due to the combined
increase of the thermal resistance and the air pressure drop. As a result, the whole refrigeration system is negatively
affected, which demands periodic defrost processes to recover the original performance and avoid excessive food
temperature variations.
Although the mechanisms associated with crystals growth are not completely clear, the past decades have seen
increasingly rapid advances in the field of frost formation and ice crystals growth processes. Nakaya (1954)
managed to produce artificial ice crystals in controlled conditions and demonstrated that supersaturation and,
specially, the temperature of the surrounding air have a remarkable effect on the ice crystals morphology. Sunagawa
(1999) and Libbrecht and Yu (2001) pointed out that the influence of temperature on the ice crystal surface
properties justify the abrupt transition between the different ice crystal growth regimes. Moreover, microscopic
techniques were used by Hayashi et al. (1977), Cheng and Wu (2003), Qu et al. (2006) and Hermes et al. (2009) to
investigate the frost growth pattern and measure the frost thickness on flat surfaces. Although these studies have
produced a good understanding of the frost formation on simple geometries, there are insufficient visual analyses for
tube-fin heat exchangers.
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In order to predict the frost growth, researchers have developed different experimental and numerical strategies to
investigate the frost formation process (see Table 1). Kondepudi and O’Neil (1987) proposed one of the first
numerical procedures to simulate the frost growth on domestic finned heat exchangers and its effect on the thermal
performance. Furthermore, Tso et al. (2006) developed a distributed mathematical model considering the variation
of the frost layer and the temperature along the finned surface. The model was validated and showed the same
trends of the experimental results. In general, frost formation models assume the phenomenon as a quasi-static
process, adopt the heat and mass transfer analogy and are dependent on frost properties empirical correlations, in
particular the frost density, which is strongly affected by the supercooling degree, defined by Hermes et al. (2009) as
the temperature difference between the evaporator surface and the dew-point at the evaporator inlet.
Despite most of the reviewed studies show good agreement with the physical principles, few of them account for the
fan air flow reduction that occurs in real refrigeration systems. As shown in Table 1, only Chen et al. (2003) and
Aljuwayhel (2006) simulated the frost growth on tube-finned evaporators under variable air flow conditions.
However, the former study was validated with experimental data collected under constant air flow conditions, while
the later was applied for industrial evaporators. For these reasons, the aim of the present paper is to investigate
visually and numerically the frost growth process on light commercial capacity evaporators, considering the
interrelation between the pair fan-evaporator.
Table 1: Summary of previous research of frost formation on evaporators coils
Author

Year

Origin

Application

Approach

Fan effect

Stoecker
Kondepudi and
O'Neil
Rite & Crawford
Ogawa et al.
Bejan et al.
Carlson et al.
Jhee et al.
Chen et al.
Seker et al.
Tso et al.
Xia et al.
Aljuwayhel
Yang et al.
Ngonda and Sheer
Zhang and Hrnjak
Lenic et al.
Cui et al.

1957

USA

tube-fin

experimental

No

1987

USA

tube-fin

numerical (lumped)

No

1991
1993
1994
2001
2002
2003
2004
2006
2006
2006
2006
2007
2009
2009
2011

USA
Japan
USA
USA
South Korea
Canada
Turkey
Singapore
USA
USA
South Korea
South Africa
USA
Croatia
China

tube-fin
tube-fin
tube-fin
micro-channel
tube-fin
thermoelectric cooler
tube-fin
tube-fin
micro-channel
industrial evaporator
tube-fin
tube-fin
tube-fin
tube-fin
flat surface

experimental
experimental
theoretical
experimental
experimental
numerical (lumped)
numerical (lumped)
numerical (distributed)
experimental
numerical (distributed)
numerical (distributed)
numerical (distributed)
experimental
numerical (distributed)
numerical (distributed)

No
No
No
No
No
Yes
No
No
No
Yes
No
No
No
No
No

2. EXPERIMENTAL WORK
Figure 1 shows the schematic representation of the experimental facility, which consists of a rectangular crosssection closed-loop wind-tunnel. The wind-tunnel controls the air temperature, humidity and flow rate at the
evaporator (EVAP) inlet, while a refrigerated water-glycol solution was used to control the coil temperature. During
the experiments, the frost layer was photographed using a digital camera with a resolution as high as 2560 x 1920
pixels. The camera was equipped with zoom lens, with a magnification of 32 times.
The air temperature is measured by two grids of nine T-type thermocouples (TT) each, with a maximum uncertainty
of 0.2°C. The relative humidity is measured by two humidity transducers (HT) that provide a maximum
uncertainty of 1.5%. The air side pressure drop through the evaporator is measured by a differential pressure
transducer (PT) with a maximum uncertainty of 2.5 Pa. The air flow rate is measured with a maximum uncertainty
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of 6 m3/h. The frost formation rate and the heat transfer rate are calculated by mass and energy balances, with
uncertainties of 0.1 kg/h and 80 W, respectively. The digital camera (DC) is installed in the exit position of the
evaporator (EVAP), in order to visualize the frost formation on the fins surface. Furthermore, the air flow rate is
controlled by a variable-speed fan which emulates the behavior of the selected characteristic fan curve. This
strategy is used in order to account for the decrease in the air flow rate due to the reduction of the free flow area
during the experiments.
The evaporator is a finned circular tube cross-flow heat exchanger, as showed in Figure 2. The wavy-type fins are
made of aluminium alloy, with a thickness of 0.2 mm and a fin density of 4 fins/cm. The copper tubes have an outer
diameter of 10 mm and a wall thickness of 1 mm. The evaporator is 320 mm wide, 152 mm high and 45 mm deep.
The tubes are arranged in two rows, with six tubes per row. The longitudinal and transversal spacing between two
adjacent tubes are 22 mm and 25 mm, respectively.

DC

Figure 1: Schematic representation of
the experimental facility

Figure 2: Schematic view of the evaporator
under analysis

The tests were conducted to analyze the effect of the supercooling degree (i.e., the difference between the dewpoint
and the frost surface temperature) on the evaporator air pressure drop, cooling capacity and accumulated frost mass.
Table 2 summarizes the test conditions, which cover a typical range of light commercial refrigeration applications.
The experimental runs were stopped when the evaporator air flow rate or the total test time reached 60 m3/h and 120
min, respectively. Further details about the experimental work description and data reduction procedure can be
obtained from Da Silva et al. (2010).
Table 2: Summary of the experimental conditions
Test
#1
#2
#3
#4

T1 [°C]
7.0
2.5
2.5
7.0

1 [%]
85
85
74
85

Ts [°C]
-10.0
-10.0
-5.0
-3.0

Ts – Tdew,1 [°C]
14.5
10.0
5.0
7.5

3. MODELING APPROACH
The mathematical model of the evaporator operating under frosting conditions has been developed considering the
control volume equivalent to a row of tubes. Due to the complexities inherent to the frost formation phenomenon,
the following assumptions were made in order to obtain a suitable solution (Da Silva et al., 2011): (i) the mass and
heat transfer processes were considered quasi-static and unidimensionals; (ii) the temperature and the frost layer
thickness was assumed uniform on both the tubes and fins; (iii) the heat and mass analogy was adopted to calculate
the mass convection coefficient; and (iv) the air properties were considered to be uniform at the control volume inlet
and exit sections.
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3.1 Heat Exchanger Model
The energy and mass balances applied over the control volumes results in the following differential equations:

 h
dT
 f o T f ,cv  T 
dAf aVc p ,a

(1)

d  f hm

   
dAf
aV sat , f ,cv

(2)

where the index cv refers to the control volume, Af is the frosted heat exchanger surface area, ho is the air side
convective heat transfer coefficient, f is the frosted surface effectiveness, cp,a and a are the specific heat and the
density of the air, respectively, V is the air flow rate, Tf and sat,f are the temperature and humidity ratio (assumed to
be saturated) at the frost surface, respectively. The mass convection coefficient hm was obtained by the heat and
mass analogy

  
hm
 a c p ,a 

ho
 Dab 

2/3

(3)

where  is the air thermal diffusivity,  is the tortuosity of the frost layer obtained from the correlation of Zehnder
(Na and Webb, 2004), Dab is the diffusivity of water vapor in air and  is the porosity of the frost layer calculated
from Na and Webb (2004).
The air temperature (Ti+1) and humidity ratio (i+1) at the exit position of the evaporator control volume are obtained
by integrating Equations (1) and (2), as follows:

  f ho Af
Ti 1  T f ,cv  T f ,cv  Ti  exp  
 a c p ,aV





cv 

  f hm Af

aV


i 1  sat , f ,cv  sat , f ,cv  i  exp  

(4)



cv 

(5)

Energy and mass balances on and within the frost layer were also applied to each control volume to provide the frost
surface temperature (Tf) as a function of the coil surface temperature (Ts), yielding (Hermes et al., 2009)
Tf ,cv  Ts 

Qsen ,cv  Qlat ,cv x f ,cv
As ,cv

kf



asat ,s isv Dab
kf



 sat , f ,cv
cosh 

 sat ,s

 
  1
 

(6)

where kf is the thermal conductivity of frost obtained from Lee et al. (1997), isv is the latent heat of desublimation,
and xf is the frost layer thickness. Moreover, the sensible and latent heat transfer rates, and the air side pressure drop
at each control volume are calculated respectively from

Qsen,cv  a c p ,aV Ti  Ti 1 

(7)

Qlat ,cv  aisvV i  i 1 

(8)
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L  V 
pcv  2C f a cv 

Dh  Amin 

2

(9)

where Cf is the Fanning friction factor, Lvc is control volume length in the flow direction, Amin is the minimum free
flow area, respectively, and Dh is the hydraulic diameter. The correlations of Kim et al. (2008) were used to
calculate the convective heat transfer coefficient and the friction factor. Moreover, based on the experimental points
presented by Da Silva et al. (2011), a light commercial axial fan characteristic curve was considered using Equation
(10).

V

340  22p  0.57p 2  0.01p 3  4.4  105 p 4  1.1  10 5 p 5
1  0.06p  1.2  10 3 p 2  1.1  105 p 3  4.3  108 p 4  5.5  10 11 p 5

(10)

3.2 Frost Growth Model
Because the frost layer changes the evaporator geometry, the time evolution of the frost thickness was also taken
into account by the mathematical model. The frost growth rate is calculated dividing the overall mass flux (mf) into
two terms, namely growth and densification mass fluxes, as follows (Hermes et al. 2009):

m f  mg  md   f

dx f
dt

 xf

d f
dt

(11)

Due to the ice crystals morphology dependence on the operational conditions, the frost density was correlated with
the frost surface temperature (Tf) and the air stream dew point temperature (Tdew,1) as demonstrated by Da Silva et al.
(2011),

 f  c1 exp  c2Tf  c3Tdew,1 

(12)

Based on Equations (11) and (12), the frost thickness for each control volume is given at every time-step by,

x f ,cv  t  t   x f ,cv  t  

t t


t

mg ,cv

f

dt

(13)

where the mass flux of growth, mg, is calculated as the positive real root of the following equation (Hermes et al.
2009),
c2isv x f ,cv
kf

 c2 x f ,cv Qsen,cv

Q
mg2,cv  
 1 mg ,cv  lat ,cv
 k

As ,cv
As ,cvisv
f



(14)

The governing equations were solved by an iterative computational procedure, in which an inner loop evaluated the
frost surface temperature, air pressure drop and the heat transfer rates at each control volumes, and also the air flow
rate considering the fan characteristic curve described by Equation (10). Furthermore, an outer loop was employed
to calculate the frost thickness given by Equation (13), which was integrated using the adaptive method developed
by Shampine and Reichelt (1997).
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4. RESULTS
4.1 Visualization and Morphology
Figure 3 shows a visual comparison between the initial and final states of the exit evaporator fins for Test #1
described in Table 2. It can be observed that the frost layer growth reduces the air free flow area by 70%, which
increases the air pressure drop and reduces the fan air flow rate. The increase of the air side pressure drop due to the
accumulated mass of frost is illustrated in Figure 4 for different supercooling degrees. As can be seen, equal
amounts of mass of frost may cause different air pressure drops according to the operational conditions. For
instance, with 200 grams of frost the air pressure drop is 16 Pa and 29 Pa, for 5.0C (Test #3) and 14.5C (Test #1)
of supercooling degree, respectively. These results may be explained by the fact that the operational conditions have
a remarkable effect on the frost morphology, which changes the density of the porous medium.
In order to illustrate the effect of the coil temperature on the frost morphology, Figure 5 compares the shape of frost
crystals for Tests #1 and #4, both carried out with T1=7.0C and 1=85%. After 15 minutes from start, it is observed
for Ts=-10.0C isolated ice crystal columns perpendicular to the fin surface, while Figure 5b (Ts=-3.0C) exhibits
small crystal plates close to each other. After 45 minutes, Figure 5a shows a needle-shaped crystal structure with a
rough surface at the top, which decreases the density of the frost layer. At the same time, Figure 5b depicts a flatter
frost layer over the fins surface, indicating a more homogeneous and dense structure. These results show that low
coil temperatures decrease the frost density for the range of analyzed conditions.

(a)
(b)
Figure 3: Visualization of the fins surface before (a) and after (b) the frost formation process in Test 1
30

Test #1
14.5oC

Pressure drop [Pa]

25

T s=-10oC

20

(a)
5.0oC

15

Test #4

10

T s=-3oC

5
0

20

40

60

80

100

120

140

160

180

200

Mass of frost [g]

Figure 4: Experimental air side pressure drop and mass
of frost for different supercooling degrees

15 min

45 min

15 min

45 min

(b)

Figure 5: Visual comparison of frost morphology for
different coil temperatures
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4.2 Mathematical Model Results
The experimental database from Table 2 was used to adjust the coefficients c1=494 kg/m3, c2=0.11C-1 and
c3=-0.06C-1 of Equation (12), minimizing the root mean square difference between experimental and calculated air
pressure drop. As can be seen from Figure 6, which shows a comparison between simulated and experimental
accumulated mass of frost, the predictions are within a 10 g error bounds. It can also be seen that the predicted
water vapor mass flux increases with the supercooling degree, following the experimental trends. After 30 minutes,
the accumulated mass of frost for a supercooling degree of 14.5C is 1.5 and 3.5 times higher than for supercooling
levels of 10.0C and 5.0C, respectively. Moreover, the model capture the reduction of the frost growth rate over
time, which is caused by the increase of the frost surface temperature and the decrease of the air flow rate supplied
by the fan.
Figure 7 shows that high supercooling degrees produce a thicker frost layer in a short period of time caused by high
mass transfer rate and low density frost. For instance, the case with supercooling degree of 14.5C shows an
average frost growth rate of 1.2 mm/hour, while an average rate of only 0.2 mm/hour was observed for 5.0C of
supercooling degree. The frost thickness measurements showed good agreement with the model predictions within a
0.1 mm band of uncertainty. Furthermore, in all cases the first tube column, indicated by the continuous line,
developed a 35% higher frost layer in comparison with the second tube column. This difference suggests a small fin
density for the first tube column to avoid a premature air flow blockage.
1.0

250

Experimental measurements
1st tube row
2nd tube row
0.8

200
10.0 oC

150

Frost thickness [mm]

Mass of frost [g]

14.5 oC

5.0 oC

100

50

14.5 oC

0.6
5.0 oC

0.4

0.2
Simulation
Experimental results

0
0

20

40

60

80

100

Time [min]

Figure 6: Comparison between simulated and
experimental accumulated mass of frost

120

0.0
0

20

40

60

80

100

120

Time [min]

Figure 7: Calculated frost thicknesses for different
supercooling degrees

The fan hydraulic performance is analysed in Figure 8, which compares the experimental and simulated results for
air flow rate. As can be seen, the model predicts similar trends to the experimental results within a 10 m3/h band of
uncertainty. The inflections observed for higher supercooling degrees are associated with the fan characteristic
behaviour and indicate the beginning of the stall region, where the fan efficiency starts to decrease due to the air
flow detachment from the fan blades. Although the air flow rate has decreased only 20% with a supercooling degree
of 5°C, it was observed an air flow reduction of 60% in just 40 minutes for the supercooling degree of 14.5°C.
These results show the significant influence of the fan characteristic curve on the evaporator hydraulic performance.
Despite the reduction in the air flow rate, Figure 9 shows an average increase in the air flow velocity related to the
evaporator minimum free flow area reduction. This analysis shows that the rate of change in the free flow passage
was greater than in the air flow rate. The only exception for this behaviour is observed after 27 and 55 minutes for
supercooling degrees of 14.5°C and 10.0°C, respectively, when the air flow rate reduction is more intense due to the
stall region.
Turning now to the thermal performance, Figure 10 illustrates a comparison of latent, sensible and total heat
transfers between simulated and experimental results, with a supercooling degree of 10.0C. It is observed that latent
heat represents 30% of the total evaporator cooling capacity. In all cases, the predictions have similar trends to the
experimental data and still within a 80 W band of uncertainty. The experimental and simulated results show a 40%
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total heat transfer reduction, that is more intense after 50 minutes due to the beginning of the fan stall, when the air
flow velocity starts to decrease, as indicated in Figure 9.
In order to compare the air side and frost layer thermal resistances, Figure 11 shows the time evolution of the Biot
number for different supercooling degrees. As can be seen, the Biot number is smaller than 0.1 for a supercooling
degree of 5.0°C, pointing out a small temperature gradient inside the frost layer for this condition. Although the Biot
number increases due to the frost layer growth, it is observed that this dimensionless parameter is less than 0.2 for
all cases, indicating that convection resistance at the surface of the frost layer is larger than conduction resistance
inside the frost layer. These results are consistent with those of other studies (Da Silva, 2010) and show that the fan
air flow reduction is the main cause for the evaporator cooling capacity decrease.
160

3.6
14.5 o C

140

3.2

120

2.8

Air velocity [m/s]

Air flow rate [m3/h]

5.0 o C

100

80

14.5 o C

60

10.0 o C

10.0 o C

5.0 o C

2.4

2.0

1.6
Simulation
Experimental results

40
0

20

40

60

80

100

120

1.2
0

20

40

60

Time [min]

80

100

120

140

Time [min]

Figure 8: Comparison between simulated and
experimental fan-supplied air flow rates

Figure 9: Simulated fan-supplied air velocities for
different supercooling degrees
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0
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0.00
0

20
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60
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100

hoxf
kf
120
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Figure 10: Comparison between simulated and
experimental cooling capacities

Figure 11: The Biot number time evolution for
different supercooling degrees

5. CONCLUSIONS
This paper has investigated the frost formation phenomenon on tube-finned evaporators taking into account the fan
air flow reduction that occurs in real refrigeration systems. The microscope visualization showed the effect of the
evaporator temperature on the frost morphology, indicating that low coil temperatures reduce the frost density. A
mathematical model was developed to analyze the influence of operational parameters on the evaporator thermohydraulic performance. Experimental results, collected under variable air flow conditions, were used to validate the
mathematical model. The numerical results showed good agreement with the experimental database and also a
proper response to changes in the operational conditions. It was observed that high supercooling degrees increase
the mass transfer rate and decrease the frost density, resulting in a thicker frost layer. Furthermore, the results
suggest smaller fins density for the air entrance evaporator region to avoid premature frost blockage. Although a
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reduction in the air flow rate was observed, the mathematical model suggested an increase in the air flow velocity
between the fins until the beginning of the stall region of the fan. Finally, a thermal resistances evaluation based on
the Biot number showed that the air side thermal resistance is the main cause for the cooling capacity reduction.

NOMENCLATURE
Aface
Amin
As
Cf
cp
D
Dab
e
ho
hm
isv
kf
L
m
Q
T
V
xf




evaporator face area
minimum free flow area
evaporator surface area
Fanning friction factor
specific heat at constant pressure
external tube diameter
diffusivity of water vapor in air
fin thickness
convective heat transfer coefficient
convective mass transfer coefficient
frost latent heat of desublimation
thermal conductivity of frost
control volume length
water mass flux
heat transfer rate
temperature
air flow rate
frost thickness
thermal diffusivity
relative humidity

(m2)
(m2)
(m2)
(-)
(J kg-1 K-1)
(m)
(m2s-1)
(m)
(W m-2K-1)
(kg m-2s-1)
(kJ kg-1)
(W m-1 K-1)
(m)
(kgv m-2s-1)
(W)
(K)
(m3 s-1)
(m)
(m2/s)
(%)


f




frost porosity
(-)
surface effectiveness (-)
density
(kg m-3)
frost tortuosity
(-)
humidity ratio
(kgv kg-1)
Subscripts
d
densification
f
frost surface
g
growth
h
hydraulic diameter
i
control volume position
lat
latent
s
coil surface
sen
sensible
v
water vapor
evaporator inlet
1
dew
dew point
a
air
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